The crucial role of the non-coding portion of genomes is now widely acknowledged. In particular, mRNA untranslated regions are involved in many post-transcriptional regulatory pathways that control mRNA localisation, stability and translation efficiency. A review is given of the most recent research works on the functional characterisation of eukaryotic mRNA untranslated regions.
INTRODUCTION
Genome sequencing projects have been completed for 26 prokaryotic and 2 eukaryotic genomes (Saccharomyces cerevisiae and Caenorhabditis elegans). Other sequencing projects underway or to be started soon will rapidly generate an enormous quantity of data. The sequencing of Drososphila melanogaster is complete and that of Arabidopsis thaliana will soon be finished.
The knowledge of the entire genetic content of an organism, that is of the list of all genes it can express, though necessary, is not sufficient to understand basic biological processes such as embryogenesis, development, differentiation and ageing or several pathologies such as cancer. Therefore, it is crucial to decipher the control mechanisms ruling coordinated expression of genes in time and space according to the physiological requirements of the cell or in response to environmental stimuli. Genetic information for the regulation of gene expression is stored mainly in the non-coding regions of the genome that are larger than the coding parts. For instance, in humans non-coding regions account for about 97 per cent of the whole genome.
Ever since the mechanisms for conversion of genetic information from gene to protein was understood, researchers have focused mainly on genome coding regions in order to identify the proteins. No role was assigned to most non-coding regions, which were classified as 'junk DNA'.
Promoters and enhancers are among the non-coding regions that have been recognised as playing a very important role in regulation of gene expression at the level of transcription control. Information derived from several functional studies on genes belonging to different organisms have been collected in specialised databases. Examples include EPD, 1 which is a non-redundant collection of RNA polymerase II promoters whose initiation site for transcription is experimentally known, and TRANSFAC, 2 a database of transcription factors and DNA sites recognised by these latter. Also algorithms have been developed to search and predict promoter elements, although they are not yet reliable enough to be used for sequence automatic annotation. 3 The importance of post-transcriptional regulation of gene expression controlling mRNA average half-life, its subcellular localisation and its translation efficiency has been recognised only recently. Several studies have demonstrated that genetic information for posttranscriptional control is located mainly in untranslated regions upstream and downstream of the mRNA, called 5' and 3' untranslated regions (5'UTR and 3'UTR), respectively. In this case, unlike DNA-mediated information (eg promoters, enhancers), which is essentially contained in the primary structure, RNA-mediated information also involves elements of the secondary structure, generally recognised by proteins binding to RNA (RNA binding proteins). Figure 1 shows a schematic representation of the structure of an eukaryotic gene mRNA, marking 5'UTR and 3'UTRs and the different types of post-transcriptional control they are able to implement. The 5'-UTR can also contain functional elements controlling transcription and which, owing to their localisation with respect to canonical promoter elements, are called 'downstream promoter elements'. 4, 5 In the following paragraphs, the different types of post-transcriptional control implemented by mRNA untranslated regions will be described.
REGULATION OF mRNA STABILITY
mRNA turnover is important to assess the level and regulation of gene expression. Different mechanisms have been proposed to describe how mRNA degradation takes place, suggesting the decay process is preceded by shortening of the poly-A tail at 3' end and/or by removal of 7-methylguanosine cap at the 5' end.
In the 3'UTR region of some shortliving messengers, such as those coding for cytokines and lymphokines, sequence elements rich in AU have been identified, called ARE (AU-rich elements), promoting the quick shortening of the poly-A tail and thus the degradation of the corresponding mRNA. 6, 7 AREs can be divided into three classes based on their structural and functional properties. Classes I and II AREs are characterised by the presence of the pentanucleotide AUUUA, which is absent in class III AREs, instead. Class I AREs control synchronous cytoplasmic deadeninylation of mRNAs by generating intermediates having poly-A of 30-60 nucleotides, which are then completely degraded. They are found mainly in mRNAs coded by fast response genes coding for nuclear transcription factors and also in some cytokines such as interleukins 4 and 6. The presence of one or more copies of the pentanucleotide AUUUA next to a U-rich region is their structural characteristic.
mRNAs containing class III AREs (eg c-jun) and not containing the pentanucleotide AUUUA but only a U-rich segment show a degradation kinetics similar to that of mRNAs containing class I AREs.
Class II AREs control asynchronous cytoplasmic deadeninylation generating poly-A(-) mRNAs. Among mRNAs containing this signal there are mRNAs coded by granulocyte-macrophagecolony-stimulating factor (GM-CSF) and by interleukine 2 genes. Class II AREs are characterised by at least four AUUUA pentanucleotides, at least three of these being in tandem. Furthermore, an AU-rich region is usually found upstream of these oligonucleotides. mRNA degradation can take place also following endonucleotide activity with a mechanism independent both from deadeninylation and decapping. Such a mechanism has been observed for the transferrin receptor coding mRNA, a protein mediating iron transfer in the cell. The degradation pathway of this mRNA involves an endonucleotidic rupture in the 3'UTR region and is regulated by the level of intracellular iron. The 3'UTR region of transferrin receptor mRNA can fold into a specific stem and loop secondary structure ( Figure 2C ), called 'iron responsive element' (IRE). If intracellular iron is low, IRE binds specific proteins called iron regulatory Over 75 mRNA species have been identified so far which are asymmetrically distributed in the cell, localised mainly in oocytes, early embryos or in differentiating cells. 15 In Drosophila, the localisation of specific mRNAs allows the formation of anteroposterior and dorsal-ventral axes of the oocyte and thus of the embryo. Localised mRNAs are also responsible for yeast budding. Asymmetric localisation is generally mediated by the cyto-skeletric apparatus or by selective degradation of mRNAs. In some cases, mRNAs translation does not take place until these latter reach their specific localisation. Also in this case, cis-acting elements located in the 3'UTR region are involved. For instance, Drosophila oskar mRNA translation is inhibited when it is not correctly localised in the posterior pole of the embryo by a protein binding to three segments of its 3'UTR portion. 15 
CONTROL OF mRNA TRANSLATION EFFICIENCY
Untranslated regions at 5' and 3' ends of eukaryotic mRNAs play an important role also in translation control, a crucial mechanism for the regulation of gene expression. The initiation phase is undoubtedly the most important control point in translation and, not counting ribosomal proteins and synthetase tRNAs, it requires at least 25 different proteins. Most mRNAs are translated following a so-called cap-dependent mechanism, involving the binding of the small ribosomal unit, assisted by several initiation factors, to the mRNA cap site, followed by scanning along 5'UTR to reach the AUG initiation codon, usually corresponding to the first AUG. The structural characteristics of 5'UTRs, such as length, the possibility of taking specific secondary structures, the presence of AUG upstream of the initiator and the nature of AUG oligonucleotide context greatly affect the efficiency of the translational process. Generally, mRNA translational efficiency is affected negatively by the presence of stable secondary structures (DG < -30 kcal/mole) mainly when these are localised close to the cap site, specific proteins is one of the most studied examples of post-transcriptional regulation. Namely, when intracellular iron concentration is low, the interaction of the IRPs, iron regulatory proteins, with a secondary structure in the 5'UTR of some mRNAs called IRE (see Fig. 2c ) inhibits the translational process. This control is implemented on mRNAs coding for ferritin, a protein for iron storage, for enzymes such as 5-aminolevulinate synthase, involved in heme biosynthesis, or for mitochondrial aconitase and succinate dehydrogenase, which use iron as a co-factor. It is noteworthy that under conditions of iron scarcity, IRPs bind the multiple IREs in the 3'UTR of mRNAs coding for transferrin receptor, a protein for iron intracellular transport, thus increasing its stability and promoting the increase of intracellular iron concentration.
CONSTRUCTION OF A SPECIALISED DATABASE FOR 5'UTR AND 3'UTR SEQUENCES OF EUKARYOTIC mRNAS
In order to study systematically the structural and functional properties of eukaryotic mRNA untranslated regions, a specialised database of these sequences was constructed. 18 This database, called UTRdb, is automatically generated by a software program designed by the authors, which is able to interpret information in the EMBL entries. In order not to bias possible statistical investigation, UTRdb has been purged of redundancies by applying the CleanUP program. 19 UTRdb content is briefly summarised in Table 1 . UTRdb entries are enriched with additional information not included in the primary database such as completeness of the UTR domain, number of exons in the corresponding gene, presence of repeats and mainly presence of functional elements whose activity has been experimentally proven. Figure 3 shows an example of UTRdb entry. The functional elements annotated in the entries of this specialised database are in their turn collected in UTRsite database. Each entry of UTRsite describes a functional element with the relevant bibliographical references and the consensus structure used in automatic annotation. The consensus structure describes, according to a predefined syntax (see below), the structural characteristics of the oligonucleotide tract having functional activity, indicates conserved or degenerated nucleotides and defines also possible secondary structures it can take (see examples in Figure 2 ). To search such a consensus, whose structure is established with the assistance of researchers contributing to their experimental characterization, the program PatSearch was used. 20, 21 A representative entry of UTRdb is shown in Figure 3 .
STRUCTURAL CHARACTERISTICS OF UTR SEQUENCES
5'UTR regions are generally shorter than 3'UTR regions. The average length of 5'UTR and 3'UTR and their ratio changes according to the taxonomic class. Table 2 reports the average lengths of 5'UTR and 3'UTR of mRNAs from organisms belonging to the different taxonomic classes in UTRdb. It is evident that 5'UTR average length is constant, roughly 200 nucleotides, whereas more striking differences are observed for mRNAs 3'UTRs, where the length of the 3'UTRs is significantly greater in vertebrate than in invertebrate, plant and fungi mRNAs. The greater length of vertebrate 3'UTR mRNAs might be connected to the fact that they acquired new functions in evolution.
Another interesting characteristic of UTR sequences is the higher frequency of introns in the gene region corresponding to 5'UTR than to 3'UTR. This implies that exons at the 5' end of a gene are much shorter than exons at the 3' end. The frequency of introns in the gene region corresponding to 5'UTR and 3'UTR of organisms belonging to different taxa is shown in Figure 4 . The 5'UTR and 3'UTR regions show different properties as to base composition. For this study only the G+C percentage of all sequences having length greater than 50 nucleotides has been taken into account. Figure 5 shows the mean G+C percentage of 5'UTR and 3'UTR of mRNA third codon positions from organisms belonging to the different taxon groups under consideration. On the whole, mean G+C percentage of 5'UTR sequences is greater than that of 3'UTR sequences. This difference is more marked in mRNAs from warm-blooded vertebrates whose G+C percentage is around 60 per cent, with G+C percentage of 3'UTR around 45 per cent, instead. Another peculiar compositional property is that in warmblooded vertebrate mRNAs, G+C percentage of 5'UTR and of third codon positions is the same, whereas the former is quite lower than the latter in all other organisms. This is probably due to the presence of CpG islands at 5' of several genes expressed in vertebrates. This hypothesis is supported by the observation that CpG dinucleotide is avoided in vertebrate mRNAs to a much greater extent in 3'UTR than in 5'UTR. 31 Figure 6 shows the significant correlation found in human mRNAs between G+C content of 5'UTR or 3'UTR and that of the third codon positions of the corresponding gene coding region. The same significant correlation is observed for the organisms belonging to the other taxon divisions in UTRdb (data not shown). Since the G+C content at third codon positions reflects the compositional content of the relevant genome region 32 these data would suggest that similar compositional constraints apply to the coding as well as to the non-coding part of mRNAs.
Mammalian mRNAs are known to contain several types of repeats in the untranslated regions, which have been shown to have a functional role in some cases. 33 Figure 7 shows the relative abundance of the various classes of repeated elements in the complete 5'UTR and 3'UTR entries included in UTRdb collection.
It can be observed that in human mRNAs, repeats are found in about 15 per cent of the 5'UTRs and in 30 per cent of 3'UTRs. It is noteworthy that the occurrence of repeats is lower in plants and fungi and that significant differences are observed also within mammals when man and rodent mRNAs have much more abundant repeats than other mammal mRNAs. The greater number of repeats in 3'UTRs is due to the fact that these sequences have average length considerably greater than 5'UTRs (see Table 3 ). The determination of nucleotide substitution rate of 5'UTRs and 3'UTRs and the comparison with the nucleotide substitution rate of the third codon positions of the corresponding coding regions, less subject to functional constraints, can provide useful hints on the functional constraints acting on these regions.
A detailed analysis of the evolutionary dynamics of mRNA untranslated regions as compared to the corresponding coding sequences has been carried out on a data set of orthologous genes of human, mouse (or rat) and cow (or another artiodactyl) (A. Larizza, PhD thesis). Only mRNA sequences including both 5' and 3'UTRs longer than 50 nucleotides were taken into account. A further careful check of the orthology relationships was carried out, leaving a final set of 93 homologous sequences. The nucleotide substitution rate has been estimated by using the stationary Markov model 34 on sequence pairs obeying the stationary condition (ie having the same base composition within the statistical fluctuations at sites under examination). The data in Figure  8 show that the nucleotide substitution rate of 5' and 3'UTR sequences is comparable to that of synonymous sites in all the three species comparisons here considered. Makalowski and Boguski 36 and Graur and Li 37 have reported similar results. Such findings would suggest that the average level of functional constraints in mRNA untranslated regions is not significantly different from that of third codon positions. However, a higher level of rate heterogeneity can be observed on
FUNCTIONAL CONSTRAINTS AND EVOLUTIONARY DYNAMICS OF UTR SEQUENCES
The study of the evolutionary dynamics of homologous sequences can provide invaluable hints on the strength of functional constraints acting on a given region or site, which is sometimes crucial in singling out functional regions, eg important residues of the active site of a protein, or its correct threedimensional folding. At the nucleotide level, the first two codon positions of codons corresponding to such residues, are highly conserved even in phylogenetically very distant sequences, indeed a nucleotide substitution here would imply the change of the coded amino acid. If non-coding regions were considered, instead, the identification of highly conserved domains would indicate their possible functional role, eg as binding sites for regulatory proteins.
The determination of average evolutionary dynamics of a homogenous class of sites can provide information on its functional importance. For instance, it is known that in protein coding sequences, the nucleotide substitution rate at the three codon positions decreases in the order UTR sequences than on synonymous sites of coding sequences. In fact, the former usually contains short highly conserved sequence tracts embedded in very rapidly evolving sequences, where frequently occur short insertions/ deletions and/or acquisition/loss of repeated elements. Several examples are known where despite a high degree of conservation of the coding region the 5' or 3'UTRs cannot be reliably aligned even when comparing mRNA sequences of not very distantly related species such as human and rodents. On the other hand, these rapidly evolving sequence regions often correspond to unique regions in the genome that provide a reliable landmark for the corresponding gene. 38 The observation of functional constraints on some sequence regions would suggest a conserved regulatory activity. Beside the functional activities described in the previous paragraphs highly conserved regions in the untranslated 3' region have been suggested to act as environmental stress sensors 39 or to form duplex regions with antisense RNAs later recognised by specific regulatory proteins. 40 However, it can be the case that the rapid evolution of these regions, at some sites much faster than silent positions of coding regions, is the result of positive selection forces for the generation of species-specific regulatory pathways.
BIOINFORMATICS TOOLS FOR THE FUNCTIONAL ANNOTATION OF UTR SEQUENCES
The functional elements localised in UTR domains as described in the literature, and which are involved in the various regulation mechanisms previously illustrated, are generally made up of short RNA tracts able to take on a specific secondary structure. The characterisation and localisation of these elements is generally performed by studying chimerical constructs where the UTR region, in which different deletions and point substitutions are introduced, is associated to a reporter gene. Once the region responsible for the functional activity is identified, its possible secondary structure can be elucidated through chemical or enzymatic assays in order to discriminate between single and double stranded regions. For each functional element described in the literature, a consensus structure or pattern is generated based on known experimental information and on the comparative analysis of homologous mRNAs. Once a reliable model for the consensus structure of a functional element has been constructed from experimental assays and comparative analyses suitable software is needed for its search in nucleotide sequences. The finding of such patterns in user submitted ) rapidly evolving regions in UTRs sequences allow the prediction of the corresponding functional activity that of course will need an experimental control.
To this aim we developed PatSearch, a versatile pattern matcher that is able to recognise complex sequence patterns including secondary structure elements and allowing mismatch and mispairing below a user fixed threshold. The pattern model can be defined by using a simple syntax resembling regular expression patterns described in detail in Pesole et al. 20 PatSearch is currently used to identify the presence of UTRsite patterns in UTRdb entries for their automatic annotation and localisation (see Figure 3) . It can be used as well for the annotation of newly produced or previously unannotated sequences for UTRsite or other user-defined patterns (see below).
Other useful programs to detect RNA structural motifs in sequence databases are RNAMOT, 41 and its more recent implementation RNABOB, 42 as PatSearch requires a pattern descriptor file where, using a specific syntax, primary, secondary and tertiary structural constraints of the RNA functional element under examination are described. Unlike PatSearch, these programs do not take into account insertion/deletion events, and do not allow for multiple rescanning of matching sequences with other patterns or for dataset simulation to assess the statistical significance of observed matches. In return, RNABOB is extremely fast; only 0.04 s as compared with 3.59 s of PatSearch in searching for the IRE elements contained in a dataset of 8785 5'UTR sequences (1,887,744 base pairs).
PALINGOL 43 is a declarative programming language specifically designed to search sequence databases for nucleotide structural elements including a combination of secondary structure elements and sequence motifs. Its main limitations are that it is not user-friendly and is also quite slow.
All the above programs are suitable to scan sequence data for the presence of functional elements whose consensus structure has been previously defined, more or less accurately, by experimental analysis. The identification of novel patterns, having unknown structural features, is certainly a much more complicated task and requires the determination of statistically significant over-represented primary and/or secondary structure elements, with the level of confidence of the latter based on the observation of compensatory mutations.
The COVE family of programs 44 implements RNA covariation probabilistic models which describe the primary and secondary structure consensus of an RNA family. Another method to find the most significant common sequence and structural motif in a set of RNA sequences has been described by Gorodkin et al. 45 and implemented in the FOLDALIGN program (still not available). 46 If only the primary structure is taken into account, several programs are available that are able to discover highly conserved motifs in groups of related sequences. These are the programs YEBIS, 47 that is an extension of the simple WORDUP algorithm, 48 MEME 49 and PRATT. 50 Some examples of the consensus structure of functional elements localised in UTRs are shown in Figure 2 , where also the PatSearch syntax to allow their search is reported. Table 3 lists all functional patterns presently included in UTRsite and the number of their annotations in UTRdb.
It may happen that, because of the limited information on the structure of the functional pattern or on its eventual optimal context, the pattern model cannot be accurately defined, thus giving a variable number of false positives or false negatives during the search. To assess sensitivity and selectivity of the pattern searching a suitable random model is needed which PatSearch software mRNA consensus structures mRNA conserved motifs mRNS structural motifs search allows the estimate of the expected pattern hits. The comparison for each pattern, between the number of observed and expected pattern hits provides a simple measurement of the statistical significance for the occurrence of a specific pattern model. To this aim a suitable procedure was implemented in PatSearch software, simulating natural sequences according to a Markov chain model, which estimates the expected pattern hits in the sequence(s) under examination. 20 The more unlikely the pattern occurrence, the higher the chance of its actual regulatory activity.
INTERNET RESOURCES FOR THE ANALYSIS OF 5' AND 3'UTR SEQUENCES
In order to make available to the scientific community a set of tools for the analysis of UTR sequences, an Internet site has been developed. 51, 52 It contains a list of the tools developed and available on the network that allow the interrogation of UTRdb and UTRsite through the SRS system. 53 It also allows searching of sequence similarity against a query sequence through UTRfasta software and searching in a given sequence for functional elements annotated in UTRsite through UTRscan software. UTRscan can be very useful for functional annotation of new sequences produced within sequencing projects or of EST sequences, mainly made up of non-coding regions.
PatSearch software is also available on the web. 54 There are other useful sites for the study of UTR sequences, e.g. references 55 and 56 which report information on functional elements localised in UTR sequences and give a list of highly conserved regions in genome coding portions. 57 transferrin receptor mRNA degradation involves an endonucleolytic cleavage within the 3' UTR and does not involve poly(A) tail shortening', Embo J., Vol. 13, pp. 1969-1980. 
